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INTRODUCTION 
"Telecentury" might be an adequate name for the 20th century because 
"TELE", derived f rom the greek word " τ ε λ ο ς " , \% a prefix to a number of 
words describing phenomena which have changed life in the 20th century 
more than anything else. 
The old wish of man to increase the range of his physiological senses as 
well as to add the dimension of "distance" to his activities, has been achieved 
to an essential part in this century. An exception, however, is the much older 
telescope. Telephone, television, radar (which is a sort of telefeeling) together 
wi th the recently developed telesmelling (Hubbel, 1967) have covered by now 
four of the human senses. It ¡s rather for lack of need than anything else that 
teletasting is not yet known. Man has litt le wish to control his movements 
over a distance, while other activities like writ ing found an important expansion 
of range in instruments such as the telegraph and teleprinter. 
Telecontrol of machines (which to some extent can be considered as 
teleexpansion of human movements) is imaginable for most apparatus and 
has been realized in many cases. 
Increasing the range of measurements, an essential part in modern research, 
by telemetry is therefore an obvious step in evolution. In physiology and 
biology, telemetry (especially radiotelemetry) not only increases the distance 
over which a phenomenon can be measured but under many circumstances 
represents the only means of measurement. 
It is the purpose of this study to add new information to the basic knowledge 
of radiotelemetry in physiology. First attempts in radiotelemetry were made 
20 to 25 years ago. The invention of the transistor in 1948 and particularly 
its commercial availability after 1952 gave further impetus to biotelemetry. 
Even so development was rather slow at the beginning and was mainly 
concerned with heart rate and electrocardiogram, as well as wi th the telemetry 
of gastrointestinal pH and temperature (e. g. Holter, 1949; Mackay and 
Jacobson, 1957; Essler and Folk, 1960; Folk, 1961; Essler and Folk, 1962). 
Occasional early investigations of more complicated phenomena like respiratory 
rate and tidal volume (e. g. Bassan, 1955 and 1958) were often very di f f icul t ; 
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improvements of the methods and the addition of new parameters have been 
reported only in the last few years (e. g. Moskalenko, 1964; Franklin, Watson 
and Van Citters, 1964; Uchiyama, 1964; Hart and Roy, 1966; Franklin et al., 
1966; Hirsch, Kaiser and Petersen, 1966; Herron and Ramsden, 1967; Bachmann 
and Thebis, 1967; Watson, Riddle and Currie, 1967; Datnow, Sandler and Fryer, 
1967; Frank, 1968; Benchimol et al., 1968; Murray et al., 1968; Bulpitt et al., 
1969). 
In particular l i tt le has been done to investigate respiratory physiology by 
radiotelemetry, a field of particular interest to the exercise physiologist. Tele-
metry of f low by pneumotachography, however, has been reported as early as 
1953 (Morrow and Vosten). 
Therefore the present study opens a new field to physiology and is a step 
towards the possibility of measuring a complete range of physiological events 
by radiotelemetry. 
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I THE DIFFERENT FORMS 
OF TELEMETRY 
Practically every measurement which makes use of electricity is telemetry 
in a basic meaning of the word, because the measuring point and the point 
of readout are not identical. The information is transferred by means of 
wires or other conducting materials. Following the ideas of the introduction 
the word telemetry should be used, however, for making measurements of 
phenomena which cannot be done directly by the human senses. 
I - 1 WIRE TELEMETRY 
Telemetry by wires became possible after the discovery of electricity; 
however, this kind of telemetry has only gained real importance during the 
past few years. Some of the best known techniques are: 
1 Transmitting information over the telephone wire system. In medicine 
this procedure is for example used to immediately obtain a specialist's 
opinion about certain measurements, which could not be assembled 
otherwise. 
2 Hospital monitoring of several patients under intensive care. By using 
multiplex techniques various phenomena from each patient may be 
recorded simultaneously. 
The long · term and long - distance measurement of physiological 
parameters such as heart rate, ECG, body temperature, or blood f low 
from tethered animals (large birds, rabbits, dogs, or cattle) by wire 
leads. 
3 Measuring pressure, temperature and other parameters in oil pipe-lines 
leading through desert areas, where placing of people would be 
impractical. 
4 Central alarm systems to warn for fire and burglary. 
All these systems (and many more) may save time or money, or are used for 
convenience, but they do not accomplish a measurement which could not be 
done directly. 
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I - 2 WIRELESS TELEMETRY 
Wireless telemetry may provide a new element in measuring technique 
because it permits constant monitoring of phenomena in moving animals or 
men. Wireless telemetry is achieved by use of electrical radiation; for this 
reason it could be called "radiation telemetry" and it would include radiation 
in the form of radar waves, light and radiowaves. Sound waves also may be 
used. Because of the importance of the use of radiowaves in physiology and 
biology, radiotelemetry is often referred to simply as telemetry. 
I - 2 - a RADIOTELEMETRY 
For application to man radiotelemetry has been used almost exclusively 
so far. A detailed discussion concerning the ideal frequency seems therefore 
reasonable. The different frequency ranges (figure 1) are compiled from 
several standard textbooks. The speed of transmission (v) is given by ν = λ • f 
(λ = wavelength, f = frequency) and is equal to the light velocity in vacuum 
or approximately in air. 
RANGE 
VLF 
LF 
MF 
HF 
VHF 
UHF 
SHF 
EHF 
WAVELENGTH (λ) 
Very Low Frequency 
Low Frequency 
Medium Frequency 
High Frequency 
Very High Frequency 
Ultra High Frequency 
Super High Frequency 
Extremely High Frequency 
BROADCASTING FREQUENCIES 
Low Frequency 
Medium Frequency 
High Frequency 
Very High Frequency 
10... 
1... 
100... 
10... 
1... 
100... 
10... 
1... 
1050... 
187... 
10... 
3... 
100 
10 
1000 
100 
10 
1000 
100 
10 
2000 
560 
70 
3.43 
km 
km 
m 
m 
m 
mm 
mm 
mm 
m 
m 
m 
m 
FREQUENCY (f) 
3... 
30... 
300... 
3... 
30... 
300... 
3... 
30... 
150... 
525... 
4.3... 
87.5... 
30 
300 
3000 
30 
300 
3000 
30 
300 
285 
1605 
30 
100 
kHz 
kHz 
kHz 
MHz 
MHz 
MHz 
GHz 
GHz 
kHz 
kHz 
MHz 
MHz 
Figure 1 Frequency ranges of radio transmission compiled f rom several standard textbooks. 
Radiation of electromagnetic power takes place in two different forms: 
1 By earth waves 
2 By space waves 
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At low frequencies the maximum distance of earth waves ( traveling over the 
surface of the earth) is very large and decreases wi th increasing frequency. The 
transmission distance may be several thousands of kilometers for the range 
of very low frequencies (VLF) , but only a few kilometers for the high frequency 
range (HF). Transmission of higher frequencies takes place only along the line 
of sight. 
Under certain circumstances reflection of the space waves is possible at 
ionospheric layers at an altitude of 70 to 500 km. During the night space 
waves may reach a distance of several thousand kilometers for all frequencies 
up to the very high frequency range (VHF). Space waves are unimportant for 
physiological and clinical telemetry as they are only useful for long distances. 
The power necessary to transmit over a certain distance increases wi th 
increasing frequency. Therefore it might be concluded that low frequencies 
would be ¡deal for telemetry, but there are several reasons why low frequencies 
should be used only under specific circumstances: 
1 The frequency spectrum used by most individual transmitters is 
usually about 20 to 30 kHz. In the VLF range only one transmitter 
can emit at a given time and area. In the VHF range, however, 
simultaneous transmission of approximately 10,000 transmitters is 
possible. 
2 Low frequencies are dif f icult to modulate. 
3 For good efficiency the antennas (transmitting and receiving antenna) 
must be comparable in size wi th the wavelength, for example 1/4 of 
the wavelength. This probably restricts the useful frequencies to the 
range above 30 MHz. For telemetry over small distances of some 
meters, however, the power loss is unimportant and low frequencies 
can be very useful. 
4 The local authorities often select a narrow band of frequencies where 
physiological and clinical telemetry is permitted. 
Taking into acount the extreme difficulties encountered wi th frequencies 
above about 300 MHz, the VHF range (30 to 300 MHz) seems to be most 
adequate for physiological and clinical telemetry. 
I - 2 - Ь TELEMETRY BY SOUND WAVES 
Radiotelemetry is useful as long as the transmitting medium is a good 
insulator as, for example air. To get telemetrie information of fish or other 
animals living in sea water, it is essential to use low frequencies, because 
high frequency waves are attenuated much too rapidly in conducting media. 
But even wi th a low frequency of about 10 kHz, the range of transmission 
through sea water is restricted to roughly 300 meters. In many cases, however, 
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the range of transmission is much larger, because the radiowaves do not have 
to travel the entire distance in sea water; after having reached the surface of 
the water they continue to propagate in air. An alternative is the use of 
acoustic signals since sonic and ultrasonic energy is generally attenuated less 
rapidly. In addition antenna problems can be solved easily. For certain animals 
wi th hearing range extended to 100 kHz or beyond, the ultrasonic frequency 
would have to be so high that electric signals of a lower frequency may be 
preferable. In man telemetry w i t h sound waves might be useful in swimming, 
for example. 
I - 2 - с TELEMETRY BY RADAR WAVES 
Emission in the ultra high frequency (UHF) to extremely high frequency 
(EHF) range, the microwave range, shows an increasing effect of directing the 
waves. Transmission is therefore possible in line of sight only. Obstacles in the 
transmission line reflect the waves and send them back to the transmitter. It 
is this effect which is used in the radar technique (range of frequencies 
3 t o 30 GHz). Radar telemetry could be very useful in bird tracking. The 
advantage of such a device is obvious since no transmitter has to be attached 
to the bird. This is especially important for smaller birds where even very 
light transmitters would impede the bird in f ly ing. In spite of the rapid evolution 
in electronics the power consumption of long distance transmitters to be 
used for bird tracking is such that with conventional batteries the transmitting 
unit gets too heavy for most birds. 
Bird tracking with radar telemetry has also disadvantages, the most serious 
of which is probably the possible disturbance by other birds or obstacles. 
Another solution to the problem (of getting information about the 
physiological mechanism involved in the fl ight of birds) could be the use of 
smell telemetry. 
I - 2 - d TELEMETRY BY LIGHT 
The word light is intended to mean visible light as well as light emitted by 
infrared or ultraviolet sources, i. e. light waves in the frequency range of 
3 to 30,000 THz (1 THz = 10 1 2 Hz). 
The natural emission of infrared energy of man and animals is used in 
thermography and thermovision. These telemetrie devices have already been 
accepted as valuable tools in clinical diagnosis, but could probably also be 
used for studies during exercise. 
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For simple biological phenomena such as heart rate, respiratory rate and 
temperature, observation of a flashing light attached to the subject during 
exercise gives valuable information with very simple instrumentation. The 
physiological information is carried by the varying duration of the time 
intervals between two light flashes. Automatic recording and receiving of the 
light flashes is possible even at daylight when an ultraviolet light source is 
used. By use of an ordinary bulb, frequency is restricted to values up to 
about 3 Hz. Other light sources are able to pulse with frequencies up to 
about 10 kHz and more. By use of an appropriate receiver, for example a 
movie camera, the whole physiological frequency range is covered by this 
method. This technique is often used for measuring the speed of certain parts 
of the body during exercise, but the field of interesting applications is certainly 
much larger. This technique seems very promising, for example for measurements 
during swimming. An object with increasing speed is used as an example of 
light telemetry by use of an intermittent light source and a photographic plate 
as receiver (figure 2). The velocity of the light source against distance can be 
plotted from the length of the individual lines (lower part of figure 2). 
1.0 2.0 3.0 s(m) 
Figure 2 Telemetry by light waves. The reflected signals of an Intermittent light source are 
recorded on a photographic plate. An alternative method consists in recording a 
constant light source by an intermittent receiver (movie camera). 
The velocity of the light source against distance is plotted in the lower part. 
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I - 3 STORAGE TELEMETRY 
The expression telemetry is probably not really justified for the procedure 
of storing physiological information during exercise. Since in many cases the 
same information can be obtained as wi th radiotelemetry, only delayed in 
t ime, and since the problems involved in the construction of "storage telemetry" 
equipment are related to those of radiotelemetry equipment, a discussion of this 
problem seems necessary. The physiological signal is recorded rather than 
transmitted, usually by a tape recorder. Most physiological events have a 
frequency range which is much lower than that of a tape recorder. Thus the 
frequency range of the physiological signal has to be shifted in order to f i t 
into the frequency range of the tape recorder. After playback, the frequency is 
shifted back to its original value. By applying this method to several signals 
( multiplex technique ), simultaneous recording of different parameters is 
possible. 
This method is useful for those numerous applications where the physiological 
information is not needed instantly. Obviously it cannot be used to fo l low a 
subject during exercise. There are several problems involved in such a system: 
1 The weight of the tape recorder has to be small and the recorder must 
be designed for use independent of its position. 
2 Wow and f lutter (variations in tape speed, wow = slow variations, 
f lutter = fast variations) should be less than about 1 % even during 
movement of the recorder. This is di f f icul t to achieve in miniaturized 
versions of portable tape recorders. The effect of slow variations in 
tape speed (wow) can be compensated for if t ime multiplex techniques 
wi th a very constant carrier frequency are used. Such a compensation, 
however, is complex. 
3 Possible defects as well as faulty recordings due to incorrect handling 
can only be detected after completing the experiment. This can be a 
disadvantage for long-lasting experiments. 
But the advantages are very considerable too: 
1 The subject is not restricted to a certain area wi th a rather small 
extension around the receiving unit. 
2 No distortion of the signal by noise due to interference originating 
f rom atmospheric conditions is possible. 
3 No heavy receiving unit is needed at the measuring site. This can be 
extremely important for experiments in di f f icult topographical environ-
ments, as for example when measuring physiological parameters of a 
skier. 
From these considerations, especially the absence of noise due to interference, 
i t may be concluded that "storage telemetry" is a useful alternative to 
radiotelemetry in many cases. 
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I - 4 SMELL TELEMETRY 
Since recent developments have shown that it is possible to detect the 
natural odors of man over a distance of several hundred meters, it should be 
possible to use the same technique for measuring physiological parameters. 
Smell telemetry could be extremely useful for bird tracking. A strong odor 
source with a weight of perhaps as little as 1 gram should be detectable over 
several kilometers. Naturally such a system would involve some problems. The 
wind velocity, for example, must be compensated for, but the opportunity of 
having a system not impeding the bird at all would probably justify a more 
detailed investigation. 
This example of smell telemetry has been chosen because it demonstrates 
that many problems could possibly be solved by using unconventional 
procedures. 
17 
I I T E L E M E T R Y I N M A N 
D U R I N G E X E R C I S E 
II - 1 WHICH PHYSIOLOGICAL FUNCTIONS SHOULD BE 
T E L E M E T E R E D ? 
Several parameters which can easily be measured at rest are d i f f icul t to 
measure during exercise, especially in man. Other parameters change so slowly 
that there is no need to measure them during exercise, because they can be 
measured at rest before each experiment (e. g. body weight). Finally there are 
parameters which do not change during work, and thus are of no interest to 
sport physiology. There are quite a number of important factors for which 
telemetrie determination might be useful (figure 3). 
The frequency range of the various parameters is often di f f icul t t o determine. 
The highest frequency might be higher during exercise or equal t o that at rest. 
A good example is cardiac activity. The pulse frequency is higher during work, 
but the upper l imit of the frequency distr ibution of the electrocardiogram 
remained unchanged for several tests wi th pulse frequencies up to 190 per 
minute (own finding). The frequency limits are therefore listed as a few standard 
values in figure 3. Similar considerations apply to the impedance of contact 
electrodes, which is very much influenced by size and design, i. e. the quality 
of the contact. The values mentioned are representative for electrode types as 
used for telemetry. Signal values hold for man at rest and during exercise under 
normal conditions at sea level. The input impedance of the measuring equipment 
is supposed to be so high that it does not affect the signal strength (for example 
I t o 10 ΜΩ for measuring the ECG). Some of these parameters are of intrinsic 
interest, others only in connection with other parameters. 
II - 2 TRANSDUCERS A N D SENSORS 
A transducer changes energy f rom one form to another, for example thermal 
energy into electrical energy or vice versa. Since the basic signals which can be 
fed into the telemetrie system must be electrical, only transducers converting 
energy into electrical energy are useful as biological sensors. Exceptions are 
transducers which change varying energy into varying impedance, since it is 
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PARAMETER FREQUENCY IMPEDANCE SIGNAL 
Body Temperature DC... 0.1 Hz 
Respiratory and Circulatory System 
E C G 
Pulse Rate 
Blood Pressure 
Blood Flow 
Cardiac Output 
Respiratory PO2 
Respiratory PCO2 
Respiratory PN2 
Respiratory Flow 
Respiratory Rate 
Tidal Volume 
Oxygen Consumption 
Pressure 
(e.g. esophageal) 
Neuro - Muscular System 
E M G 
E E G 
Digestive System 
Stomach Pressure 
Stomach ρ H 
Locomotive System 
Displacement 
Velocity 
Acceleration 
Pressure - Force 
0.1 .. 
0.5 .. 
0.5 .. 
D C . 
D C . 
D C . 
D C . 
D C . 
D C . 
0.1 .. 
D C -
DC .. 
D C . 
10 .. 
(2 Hz 
0.5 .. 
D C . 
D C . 
D C . 
D C . 
D C . 
D C . 
100 Hz 
4 Hz 
100 Hz 
100 Hz 
0.1 Hz 
10 Hz 
10 Hz 
10 Hz 
10 Hz 
4 Hz 
4 Hz 
0.1 Hz 
4 Hz 
200 Hz 
...100 kHz) 
100 Hz 
(200 Hz) 
0.1 Hz 
0.1 Hz 
10 Hz 
10 Hz 
100 Hz 
10 Hz 
1 ... 10 k 
1 ... 10 k 
10 k 
0.75... 4 mV 
0.75 ... 4 mV 
40 ... 210 /min 
0 ... 250 mm Hg 
90. 
0., 
160 mm Hg 
. 70 mm Hg 
600 mm Hg 
.. 250 l/min 
... 150 /min 
0.5... 4 1 
0.1 ... 4 mV 
10... 100 yuV 
Figure 3 Examples of important parameters compiled from different sources with range 
to allow for instrument design. 
very simple to get immediately an electrical signal with a value proportional to 
the impedance. Some important transducers with an electrical or impedance 
output are presented here (figure 4). 
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INPUT TRANSDUCER FREQUENCY OUTPUT 
Electrical 
Thermal 
Mechanical 
Magnetical 
Optical 
Nuclear 
Molecular 
Electrode 
Thermocouple 
Thermistor 
Piezoelectric Crystal 
Strain Gage 
Magneto-resistance 
Photoelectric Cell 
Semiconductor Diode 
Geiger Counter 
Polarographic Electrode 
D C . 
D C . 
D C . 
D C . 
D C . 
D C . 
D C . 
D C . 
D C . 
> 
> 
> 
> 
> 
> 
100 kHz 
100 kHz 
1 kHz 
100 kHz 
100 kHz 
50 kHz 
10 Hz 
Electrical 
Electrical 
Resistive 
Electrical 
Resistive 
Resistive 
Electrical 
Resistive 
Electrical 
Electrical 
Figure 4 Some transducers which change any possible biological energy into electrical 
energy (Slater, 1963; Kovács and Mesler, 1964; Cooper and Lloyd, 1965; Pils, 
1967). 
Electrodes Electrodes which pick up electrical signals of physiological 
events are made of small pieces of conducting material, very often 
metals. Since the source impedance of these signals is a series of 
impedances with the highest value in the skin, a good contact between 
subject and electrodes is essential. 
Thermocouples - thermistors The frequency range of body temperature 
is very small. Both sorts of transducers can therefore be used equally 
well. Thermocouples wi th linear relationship between electrical signal 
and temperature need a constant reference temperature, which is very 
often impractical. Thermistors, however, have a nonlinear relationship 
between signal and temperature. 
Piezoelectric crystals - strain gages With these transducers mechanical 
displacement can be converted into electrical signals by means of 
varying impedances. The capacitance of two metal plates, for example, 
can easily measure rotating displacement. 
Magneto-resistances Magnetic field sources are not found in animals 
and man. Nevertheless magneto-resistances can still f ind application by 
modulating artificial electromagnets wi th biological information. 
Semiconductor - photoelectric cell In biology photoconductive trans-
ducers (photoresistors - photosemiconductors) are probably preferable 
to photoelectric cells which are based on photoelectric emission of elec-
trons f rom a metal surface. 
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6 Geiger counter Several applications are known in biology using nuclear 
power, but due to the complexity of Geiger counters, this method 
will rarely have any application in telemetry. 
7 Polarographic electrodes The number of transducers in the molecular 
field is so great that only the Polarographie electrode, being a basic 
part of oxygen telemetry, is mentioned. 
II - 3 SELECTION OF SUITABLE TELEMETRY 
The choice of the telemetry systems is determined by several factors: 
1 Relationship between system size and weight, and weight of the 
subject. 
2 Sort of experiment, i. е., maximum necessary telemetry distance. 
3 Telemetry medium (air or water, within a building or in the open 
air, etc.). 
4 Physiological parameters to be telemetered. 
The different kinds of telemetry have been discussed in chapter I where 
several applications were mentioned. For measurements in man, it has been 
shown that radiotelemetry is the most universal technique; it will be discussed 
exclusively from now on. The transmission distance of the telemetry transmitter 
is linked closely to its weight, so that in many cases a compromise has to be 
found between these two parameters. Ambient temperature and humidity 
generally do not influence the transmitter characteristics unless they are very 
extreme (above 50 °C or below -10 0C), but they can be particularly important 
for the choice of the transducer. If the humidity gets close to 100 % , great 
problems may arise (Shook and Folk, 1965). 
The physiological parameters must be divided into two groups, namely events 
producing AC and DC signals, and events producing AC signals exclusively. 
Systems designed for DC signals are universal and adaption of the system for a 
special parameter in general implies only the use of an appropriate preamplifier. 
Systems designed for AC, however, can in general not be adapted for DC. 
DC multichannel systems with low drift are not yet commercially available 
(low drift < 10 yUV). 
I l l M U L T I C H A N N E L TELEMETRY 
Apart f rom the specific value of assessing individual physiological parameters 
during exercise, it is especially interesting to know the relationship between 
these parameters during one experiment. Simultaneous telemetry of several 
parameters wi th one telemetry system is possible by use of multiplex techniques. 
For certain parameters like oxygen consumption, multichannel telemetry is 
necessary on its own, since calculation of the oxygen consumption f rom 
partial pressure of oxygen and respiratory f low would be impractical at the 
transmitting side and should therefore be done at the receiving side. 
I l l - 1 MULTIPLEX SYSTEMS 
Single channel telemetry is generally effected by modulating a carrier 
frequency (in the very high frequency (VHF) range) wi th a subcarrier which 
carries the physiological information. 
Multichannel telemetry is done by use of several subcarriers, each carrying 
a different physiological signal to modulate the main carrier frequency after 
having been mixed. As an alternative to this technique, called frequency 
multiplex, time multiplex is very often used in multichannel transmission. Only 
one subcarrier is used in time multiplex onto which the different informations 
are superimposed one after the other. Thus the information is selected and 
sampled in t ime. 
The carrier frequency is either modulated in frequency (FM = frequency 
modulation) or in amplitude (AM = amplitude modulation). The possibilities 
of modulating the subcarrier are much greater. Several combinations in 
modulating the carrier and subcarrier are possible (figure 5). 
Choosing the optimal multiplexing technique for radiotelemetry is rather 
complex because many factors have to be considered, such as the fol lowing: 
1 Available transmission bandwidth. 
2 Number of channels required and accuracy of each channel. 
3 Kinds of transducers to be used, i. e. giving DC or AC signals. 
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The system size and weight are mainly determined by three factors, namely, 
complexity of the system, battery size (which is approximately proportional to 
the power consumption of the system, but wi th a minimal size), and size of the 
electronic elements used. Minimizing the required power of a multiplexer seems 
effective down to about 10 0 / o of the required transmitter power input. This 
amounts approximately to a current of 1 to 4 m A for the multiplexing system, 
which makes use of integrated circuits or voltage regulating (zehner) diodes 
impossible, since each of these elements calls for a current of this order of 
magnitude. 
As long as coils and large capacitors are avoided in the circuit design, the use 
of miniaturized discrete elements leads to a small system size, even for relatively 
complex systems. Coils and large capacitors can be avoided by incorporating 
t ime multiplex techniques. 
Since the available transmission bandwidth for physiological and clinical 
telemetry is relatively narrow in most countries, frequency multiplex, which 
requires a narrower frequency band, would be preferable. However, especially 
for systems wi th numerous channels (more than 2 or 3) requiring a great 
bandwidth, the system weight amounts to a value several times that of a t ime 
multiplex system. 
SUBCARRIER 
C A R R I E R X ^ 
AM 
FM 
AM FM 
AM-AM FM-AM 
AM-FM FM-FM 
Freq. Multiplex 
PAM PDM PCM PPM 
РАМ-AM PDM-AM PCM-AM PPM-AM 
PAM-FM PDM-FM PCM-FM PPM-FM 
Time Multiplex 
PAM = Pulse Amplitude Modulation PCM = Pulse Code Modulation 
PDM = Pulse Duration Modulation A M = Amplitude Modulation 
PPM = Pulse Position Modulation FM = Frequency Modulation 
Figures The different types of frequency and time multiplex systems as used for 
radiotelemetry. 
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Frequency modulation techniques show, compared to A M , an increased 
resistance to interference and noise, as well as a more pronounced attenuation of 
the first few harmonics From these considerations it may be concluded that for 
a single channel system, FM FM is the best selection, and pulse modulation 
frequency modulation (PM - FM) for a multichannel system FM - FM can be 
used for multichannel telemetry too when the system weight is less important 
The number of channels multiplied by the highest channel frequency must be 
less than half of the subcarrier frequency when time multiplex is used A 
sampling speed greater than 2 3 times per cycle seems to be sufficient and 
adequate 
For accuracies not exceeding 1 to 2 % , the complicated and complex pulse 
code modulation (PCM) technique is not necessary and good results can be 
achieved wi th other PM techniques The choice of a pulse duration modulation 
frequency modulation (PDM - FM) system for this study does not imply any 
advantages over pulse amplitude modulation - frequency modulation (PAM - FM) 
systems, but it has been used for convenience 
I I I - 2 POWER SOURCES 
A careful selection of the power source is especially important for telemetry 
systems capable of transmitting over distances longer than about 30 to 50 meters 
and for the telemetry of parameters whose transducers require a considerable 
amount of energy It would be ideal to supply the required power f rom 
biological sources, such as motion power, muscle power or biochemical power 
Changing biological energy into electrical energy, however, is di f f icul t , and the 
resulting equipment is, up to now, heavier than an ordinary battery For 
experiments of short duration, batteries seem therefore to be the best solution 
In most cases, rechargeable batteries are preferable, due to the better voltage 
constancy 
I I I - 3 MULTICHANNEL RADIOTELEMETRY SYSTEM 
It has been concluded that a PM FM system or a FM FM system would be the 
best choice for physiological and clinical telemetry The subcarrier frequencies 
for a FM FM system can be obtained m two different manners (figure 6a, 6b) 
a Several individual oscillators are built wi th frequencies which can be 
freely selected Each frequency is modulated wi th different biological 
information The difference in frequency of the subcarriers (determined 
by the bandwidth of the individual channels) can vary or be the same 
f rom one subcarrier frequency to the next higher 
24 
Transducer 
Transducer 
Transducer 
Amplifier 
Amplifier 
Amplifier 
Subcarrier 1 
1 
Submodulator 1 
Subcarrier 2 
I 
Submodulator 2 
Subcarrier η 
Submodulator η 
Mixer 
1 
Y 
FM 
Transmitter 
Figure 6а Transmitter of a radiotelemetry system using frequency multiplex technique. The 
subcarriers consist of several individual oscillators. 
Transducer Amplifier 
Transducer Amplifier 
Transducer Amplifier 
Subcarrier 1 
-Tsd ibmodulator 1 
Subcarrier 2 
Submodi lulator 2 l·-
Ui Subcarrier η 
ΤΙ Γ" 
Ί Submodukitor π 
Subcarrier — ] Divider 
Mixer FM 
Transmitter 
Figure 6b Transmitter of a radiotelemetry system using frequency multiplex technique. The 
different subcarriers are obtained by division of one main carrier. 
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Figure 7 Transmitter and receiver of a radiotelemetry system using time multiplex 
technique.
Figure 8 Multiplexer of a pulse duration modulated (PDM) system.
b One subcarrier frequency is divided several times by the factor two. 
Such a design is less complex, and especially the number of large 
elements is considerably reduced The difference m frequencies of 
neighboring subcarriers obtained m such a way, however, varies very 
much, e g for a four-channel system a factor of four is found for the 
ratio of the frequency differences between carrier 1 and 2, and 
carrier 3 and 4. Such an arrangement is only useful m a few special 
cases. 
The block diagram of a PM-FM system is shown m figure 7 and a more 
detailed picture of the multiplexer of a PDM system is shown in figure 8. 
The subcarrier, a square-wave pulse tram, is produced by the pulse generator, 
a simple free-running multivibrator (figure 9, a). The carrier frequency (f) should 
be adjusted to 
f = ks · fch · η 
f c h = bandwidth per channel 
η = number of pulses per group 
where the minimum sampling speed k s = 2.3. The pulses of the subcarrier are 
counted in a binary counter wi th two stages for a three channel system, three 
stages for a 4 to 7-channel system, etc. In the coder the pulse tram is divided 
into η individual pulses (figure 9, b, c, d , e) The first m pulses (m = η — 1 = 
number of channels) open the gate of the corresponding channel. In the practical 
design these gates and the corresponding gates of the coder are joined together. 
The input signal in the example of figure 9, f, is 50 0 / o for channel 1, 30 o/o for 
channel 2, and 80 0 / o for channel m (which corresponds to channel 3 on the 
photograph of the three-channel system). The information of the different 
gates may be added m this simple form since only one gate can be open at a 
given time. The pulse amplitude modulation is now changed into a pulse 
duration modulation (figure 9, g) by comparing the combined signal of the 
gates wi th the integrated signal of the pulse generator (figure 9, h). The nth 
pulse, which is used for the synchronisation of the receiver, opens a gate wi th 
a 50 0 / o DC input (figure 9, i). After being compared w i t h the integrated carrier 
signal (figure 9, j) the pulse is inverted (figure 9, k) and added to the information 
of the other comparator (figure 9, I). The signal is now ready to modulate the 
carrier of the transmitter. The receiver is constructed m such a way that channel 
m can be used as a DC reference. Such an arrangement has the advantage of 
eliminating zero dr i f t due to temperature changes or interference, an important 
point for PO2 telemetry 
The tracings at the left side of figure 9 are the theoretical curves of an η 
channel system. The oscilloscope traces at the right side are taken f rom a proto­
type three-channel system at the corresponding points as shown in figure 8. 
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The working of the telemetrie receiver is similar to that of the transmitter but 
in inverse direction. 
The pulses originating from the FM receiver are first reshaped (figure 10) and 
then separated into positive and negative pulses in the two comparators. The 
decoder divides the pulse train into m individual pulses. A good synchronization 
is obtained even with missing pulses, because the negative pulse (pulse n) resets 
the decoder after each period. The biological information is finally regained in 
its original form after traversing the low-pass filters. 
Input 
Comparator 
Filler Amplifier 
Amplifier 
- Out pul 
Output 2 
Pulse Shaper Decoder 
Comparator 
Swilch — Reference 
Amplifier -Output m 
Figure 10 Decoding system of the telemetry receiver. 
Figures The waveformsat the different points of the electronic circuitry illustrate the 
working of the multiplexer (the letters a to I correspond to those in figure 8). 
The tracings at the left side are the theoretical curves of an η-channel system. 
The oscilloscope tracings at the right side are taken from a prototype three-
channel system at the corresponding points as shown in figure 8. 
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IV RESPIRATORY OXYGEN 
PRESSURE TELEMETRY 
IV - 1 METHOD 
The method of telemetering respiratory oxygen pressure can be divided into 
two parts, the actual measuring of the oxygen pressure and the transmitting of 
the electrical signal. The different possibilities of transmitting electrical signals 
have been described above. The numerous possible methods of measuring 
oxygen partial pressure are reduced to one or two by the properties of the 
transducers suited for telemetry. A Polarographie cell, which had to be adapted 
for this special purpose, was used. The disadvantage of such a cell, namely the 
sensitivity to changes in temperature, cannot be compensated for by any means, 
including electronic devices; the heat transfer in the membrane of the 
Polarographie electrode is slower than the response of the cell, being a fraction 
of a second. Therefore the oxygen pressure has to be measured at constant 
temperature which can be realized in two different ways, namely: 
a to measure at a place where the temperature of the respiratory gas is 
constant, or 
b to continuously heat or cool the respiratory gas or part of it to a 
constant temperature. 
IV - 1 - a DIRECT METHOD WITH OXYGEN SENSOR IN THE MOUTH 
This method at first sight might seem to offer obvious advantages and to be 
preferable, therefore, in principle. 
In order to measure respiratory oxygen concentration the transducer has to 
be placed somewhere in the airways, close to the lungs. For telemetry in man 
during exercise only the mouth and the nose are accessible for possible 
locations of this sort of oxygen electrode. The mechanical f ixat ion of the 
electrode would be easier in the nose, but it can be shown that mixing of the 
respiratory gas is more pronounced in the nose than in the mouth (figure 11). 
It is thus preferable to obtain oxygen pressure curves of the respiratory gas in 
the mouth where endtidal readings differ less f rom the true values in the lungs. 
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Figure 11 PO2 curve measured in gas sampled from the mouth (upper tracing) and from the 
nose (lower tracing). 
Note the oscillations (which are synchronous with heart action) during expiration 
in the upper tracing. They have disappeared in the lower curve due to increased 
mixing of the expired gas. In addition the slope of the downstroke is smaller in 
the lower curve and the change between the inspiratory and expiratory part is not 
as sharp as in the tracing obtained from gas sampled from the mouth. 
The difference in temperature between inspiration and expiration in the 
mouth is very considerable. The inspired air is still practically at atmospheric 
temperature when reaching the glottis. For this reason measurements in the 
mouth at constant temperature are not possible, unless the temperature of the 
transducer can be kept at body temperature, even during inspiration, as for 
example by close contact between tissue and electrode. 
Oxygen pressure curves obtained by such an electrode would therefore show 
correct readings only during the expiratory phase, which is the port ion of 
greatest interest to the physiologist. A correct curve during the inspiratory 
phase has, nevertheless, its value for calibration as well as a continuous check of 
possible temperature or electrode drifts. 
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The difficulty of such an arrangement lies not only in the contact between 
oxygen electrode and tissue but also in the possibility of fluid getting onto the 
electrode tip. Such a situation would be equivalent to an oxygen pressure 
measurement in a fluid in which the oxygen concentration changes only by 
diffusion of oxygen from the respiratory gas; such a process is far too slow. 
The sampling system to be described next seemed therefore most adequate in 
spite of its complexity and has been used exclusively. 
IV - 1 - b SAMPLING METHOD 
A fraction of the respiratory gas was continuously sucked from a small mask 
in front of the mouth and the nose through a thin plastic tube by a miniature 
pump (figure 12). 
Pump 
Amplifier 
Healing block 
- C l · 
Modulator 
Transmiller 
PO2 
Electrode 
Air 
0-30° с 
Figure 12 Schematic diagram of apparatus for oxygen pressure telemetry. 
The gas was warmed up to a constant temperature of, for example 37 0 C in a 
heating element, where the PO2 was continuously measured with a membrane -
covered Polarographie cell. The electrode signal was amplified, pulse duration 
modulated, and finally transmitted (preliminary communications: Kimmich and 
Kreuzer, 1967; 1968; 1969). 
Apart from the technological side of miniaturization of the equipment, there 
are mainly two basic problems involved in this system: 
1 The sampling speed and amount of respiratory gas. 
2 The partial pressure of water vapor. 
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1 SAMPLING PROBLEM A pneumotachogram (figure 13) demonstrates the 
pattern of respiratory f low in man at rest (during exercise the f low rates would 
be much higher). The f low rates are zero at the end of inspiration and expiration, 
and reach a maximum during inspiration and expiration, respectively. A 
representative measurement of the partial pressure of oxygen by the sampling 
method is not possible during the time intervals when the f low is zero. Since 
sampling continues, gas wil l be drawn from the practically resting port ion in the 
respiratory tube (figure 12) and possibly f rom the external atmosphere. 
Therefore, the amount of sampled air should be as small as possible, certainly 
smaller than the sum of the gas present in the dead space between sampling 
point and atmosphere plus the continuing small expiratory f low which is 
available during this period of t ime. 
Air flow (l /min) 
Figure 13 Respiratory f low versus time in man at rest (Elema-Schonander pneumotachograph 
wi th a "Fleisch" head). 
The profile of the respiratory PO2 curve may also be distorted by convection 
and/or diffusion of the gas molecules. In order to f ind the optimal sampling 
speed (gas velocity in the sampling tube) the influences of the type of f low 
(laminar or turbulent) and of the transit time have to be considered. Longitudinal 
and radial mixing by turbulence wil l lead to a flat but blurred gas concentration 
front (figure 14). With laminar f low the aerodynamic profi le wi l l be parabolic 
after a transient initial phase but radial diffusion wi l l f lat ten, and longitudinal 
diffusion wil l blur the gas concentration f ront , the more so the longer the 
available transit t ime, i. e. the slower the linear velocity of the gas. 
33 
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Figure 14 Oxygen concentration fronts with laminar f low and with turbulent f low. 
The profile of the respiratory PO2 curve may be distorted by convection and/or 
diffusion of the gas molecules. Longitudinal end radial mixing by turbulence wi l l 
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t=o 
OXYGEN CONCENTRATION FRONT P02=:f(x,r) 
lead to a flat but blurred gas concentration front. With laminar flow the aerodynamic profile 
will be parabolic after a transient initial phase but radial diffusion will flatten, and 
longitudinal diffusion will blur the gas concentration front, the more so the longer the 
available transit time, i. e. the slower the linear velocity of the gas. 
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Thus the velocity in the sampling tube should be high to sufficiently reduce the 
transit t ime but small enough to ensure laminar f low. A short sampling tube wi l l 
further help in shortening the transit t ime. The point of obtaining laminar 
pattern wi th the highest admissible f low must be found empirically. 
To achieve a high velocity in combination with a small amount of sampling, 
which oppose each other, the diameter of the sampling tube must be small. A 
small diameter of the sampling tube, however, causes a new problem concerning 
the drop in pressure. The relationship between the gas velocity (v) in the tube 
with laminar f low and the driving pressure (Δρ) is given by the equation of 
Poiseuille: 
8- I ·ν 8 · Ι · ά 
Δρ = η — = η (2) 
го я Т о
4 
Δρ = driving pressure of the pump 
η = viscosity 
I = length of the sampling tube 
ν = mean gas velocity in the sampling tube 
r0 = radius of the sampling tube 
Q = f low rate 
For a given f low rate Q, the driving pressure of the pump is, as stated in the 
formula, inversely proportional to the fourth power of the radius. This pressure 
difference should be rather small for two reasons: 
1 The pump must not be heavy and should consume little power. 
2 If Δρ were large, the pressure at the site of the electrode would differ 
substantially f rom the atmospheric pressure, resulting in a decreased 
oxygen partial pressure. This effect could be compensated for by the 
calibration of the electrode, but it also calls for an absolute constancy 
of the Δ ρ of the pump; this, in a miniaturized version, is d i f f icu l t to 
achieve, especially wi th accelerations occurring during exercise. 
Obviously Δρ cannot be large and small at the same t ime; therefore the choice 
had to be made in favor of a relatively large f low rate of the sampled gas. 
The maximum gas velocity compatible wi th laminar f low in a straight, 
smooth, and infinitely long tube is determined by: 
2 · Γ 0 Ρ 
Recr¡t = critical Reynolds'number for laminar f low 
Ρ = density 
Since the sampling tube was f inite in length, probably not absolutely straight 
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and ¡η addition moving, a safety factor of 10 for laminar flow has been 
introduced. By inserting equation (3) into (2) an expression for the tube radius 
is found: 
А
 п л
 л
2
 · I · Récrit 
Г 0 =
 V 0 · 4 Δρ-Ρ W 
where η = 1.87 • IO"5 kg/m • sec 
I = 0.2 m 
Récrit = 2000 
Δρ = 1 6 kg/m • sec2 
Ρ = 1.12 kg/m3 
The length of the sampling tube was chosen as about 0.2 m and Δρ of the 
pump as 16 kg/m · sec2 or about 0.12 mm Hg. From equation (4) the radius r0 
of the tube was calculated to be 1.44 mm. Thus a sampling tube with an 
internal diameter of 3 mm has been chosen here. 
2 INFLUENCE OF WATER VAPOR The other basic problem of this system, 
the water vapor pressure, becomes important only when the expired gas changes 
in temperature substantially before reaching the electrode. Since the expired gas 
is saturated with water vapor, it looses water immediately when cooled. The 
expired gas, after being rewarmed in the heating element, is therefore no longer 
saturated; in other words, the partial pressure of water vapor has decreased and 
that of the oxygen increased. The condensed water in the mask and the sampling 
tube is later absorbed during the inspiratory phase, either totally or up to the 
saturation of the inspired gas. Since in the method described here, cooling of the 
gas in the sampling tube is relatively small and the humidity of the inspired gas 
is rarely more than 70 to 80 % , this effect does not affect this method 
considerably. Still, the water vapor effect may amount to 2 to 3 mm Hg, 
corresponding to 2 to 3 0/o of the reading when breathing air. A correction for 
this effect, which is considerable particularly with low ambient temperature, is 
possible if the ambient temperature is known. 
The respiratory gas, or at least the expiratory gas, is often dried when the 
sampling technique is used without telemetry. For application to telemetry 
this proved to be impractical because: 
1 The drying material had to be renewed too often. 
2 There was additional mixing due to local turbulence occurring at the 
place of drying. 
3 The pressure difference across the drying material at nominal sampling 
velocity was greater than the driving pressure of the pump designed for 
telemetry. 
37 
Figure 15 illustrates a respiratory oxygen pressure curve of the continuously 
sampled gas (tracing a), the curve of the same gas after drying (tracing c), and as 
it would occur in the mouth (tracing b). No account has been taken of possible 
mixing of the gas during sampling or drying when constructing the curves b and 
с f rom curve a. 
PO2 ( m m H g ) 
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Figure 15 Diagram of the respiratory PO2 curve in the mouth a = actual recording 
b = curve of wet gas as it would occur in the mouth, с = the same determination, 
corrected by drying the gas 
The curve of dried gas (c) is independent of ambient temperature and water 
vapor. It is higher throughout than the curve wi thout drying (b) which, however, 
approximates the curve of continuously sampled gas (a) more closely. During the 
expiratory port ion curve a is lower than curve с but higher than curve b because 
the air of curve a is only partially humidified (having lost some water vapor when 
passing through the cooler sampling tube) whereas no loss of water vapor has 
occurred in curve b. During the inspiratory phase curve с ¡s again higher than any 
other because of the absence of water vapor; the step in the initial part of curve 
a is due to the fact that some water vapor has been picked up f rom the water 
condensed in the mask and sampling tube during expiration; this water vapor 
however is only sufficient to humidify the first port ion of the inspired gas and 
during the second part the PO2 reaches the oxygen partial pressure of the 
atmosphere as inspired by the subject. This effect is shown wi th very dry 
ambient air in figure 16 but does not occur in curve b of figure 15, or when 
inhaling ordinary ambient air wi th moderate to high degrees of humidi ty. 
The degree of deviation between these curves wil l depend on the humidity of the 
ambient air, on its temperature, and on the extent of cooling in the mask and 
sampling tube. 
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Figure 16 Respiratory PO2 curve taken in very dry ambient air. 
A different picture is obtained in curves with a typical temperature artifact 
(figure 17). If the heating of the sampled gas is not sufficient, the PO2 is slightly 
higher at the beginning of inspiration since the heating element has not yet been 
cooled by the inspired gas (Beneken Kolmer, 1967; Beneken Kolmer and 
Kreuzer, 1969). 
PO2 ( m m H g ) 
160-, 
Figure 17 Respiratory PO2 curve w i t h typical temperature artifact during inspiration. 
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IV - 2 EQUIPMENT 
Equipment used for telemetry of oxygen pressure during exercise should be 
small and as light as possible. Miniaturization asks for optimal design of all 
instruments and involves therefore a lot of problems. A great disadvantage is 
that no ready built units (such as heating element or pump) of the size required 
are commercially available. Obviously the equipment presented here is not the 
best possible but has reached an acceptable size and weight (about 600 g, 
including batteries). Suggestions for further improvement are given at the end of 
this chapter, because the problems are very often linked together, and changing 
one element calls immediately for adaptation of other elements. 
IV - 2 • a OXYGEN SENSOR 
The development of a small oxygen catheter electrode was started more than 
10 years ago by Kreuzer and his coworkers (Kreuzer et al., 1958, 1960a, 1960b), 
fol lowed by reports of catheter electrodes by several other authors (Krog and 
Johansen, 1959; Johansen and Krog, 1959; Charlton et al., 1963; Kunze, 1964; 
Rybak, 1965). Again optimal design resulting f rom a profound investigation in 
this field was necessary in order to develop a miniaturized version. A mathemati­
cal approach to the problems involved in membrane-covered Polarographie 
oxygen electrodes, as first used by Clark in 1956, is described by Kreuzer and 
Schuier, 1965; Schuler, 1966; Schuler and Kreuzer, 1967. 
Efforts in the last three years have been mainly concentrated in the 
fol lowing directions: 
1 Construction of fast electrodes wi th relatively low f low dependency 
in fluids (two requirements which oppose each other) (Kimmich and 
Kreuzer, 1968, 1969). 
2 Reduction of the response time for measurements in the gas phase. 
3 Reduction of the sensitivity to pressure and acceleration. 
4 Improvement of the stability and reproducibil i ty. 
The first item is of l i t t le interest to the telemetry of respiratory oxygen 
pressure when the sampling technique is used, but would be of great importance 
when the direct method would be tried. The improvements mentioned under 
2 t o 4, however, are very important to ensure reliable measurements. Reduction 
of the response t ime, which is determined by the thickness and the material of 
the membrane as well as the thickness of the buffer layer between cathode and 
membrane, has been achieved by using a Teflon membrane 3 ді thick, as well as 
by improving the technique of polishing the electrode t ip t o ensure a better 
contact t o the membrane. Three micron Teflon membrane has recently become 
commercially available. Supporting a greater area of the membrane increased the 
stability of the electrode and reduced at the same time the sensitivity to 
pressure and acceleration. However, polishing of the t ip was more di f f icul t . 
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Along wi th the above refinements, the electrode used for this study has the 
fol lowing characteristics: a cathode made of platinum wire 400 yu in diameter 
is sealed into a tube of polyvinyl chloride (PVC) or glass (figure 18). PVC has the 
disadvantage that it must be glued to the platinum (e. g. by Araldite), but is 
easier and less time consuming to work wi th than glass. PVC electrodes have a 
limited life time since this material may be destroyed by the buffer solution 
after some months. On the other hand their response time is slightly shorter than 
wi th glass in general. The entire electrode has a diameter of 2 mm, and can 
therefore easily be inserted into a 3 mm wide tube. 
Pt Cathode 
Figure 18 Catheter oxygen electrode wi th single wire cathode (400 AJ in diameter) for use in 
the gas phase. 
The tubular silver anode chamber (also carrying the membrane fastened to 
it by a silver ring) can be screwed off to change the membrane and to f i l l the 
electrode wi th new electrolyte solution. Since this screw is not absolutely 
air-tight it equalizes pressure differences occurring between the electrolyte 
solution and the atmosphere during warming and cooling of the electrode 
since the expansion factors of the different materials used to build this oxygen 
sensor are not the same. 
The current-voltage curves of the electrode exhibit a broad horizontal plateau 
over a wide range of voltage at all levels of oxygen up to 100 % (figure 19), 
which is important for the stability of the electrode. The calibration line is 
linear f rom 0 to 100 o/o oxygen and passes through the origin in most cases. 
41 
le (/"-A) le U A ) 
POIAROGRAM 
231 494 70 2 973 
Conc С. 0 2 ) 
Figure 19 Polarogram and calibration line of a Polarographie catheter electrode as used in 
this study 
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Figure 20 The response time of the oxygen electrode is approximately an exponential 
function when changing between any t w o oxygen concentrations A t 37 0 C the 
time constant is 0 03 sec for a 3 yu Teflon membrane, corresponding to a response 
time of 0 1 sec for 95 0 / o deflection 
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In the remaining cases the zero current is less than 2 % of the total deflection 
with pure oxygen and remains unchanged. 
The response time is proportional to the square of the membrane thickness. 
In the case of thin membranes a correction is necessary for the buffer layer. 
With a 6 yU Teflon membrane a response time of 0.2 to 0.25 seconds is obtained. 
With a 3 yu Teflon membrane the response time is, however, still 0.1 second for 
95 % deflection at 37 0C, which is the fastest response time so far achieved 
(figure 20). The response time decreases with increasing temperature. 
The remaining parameters of interest for the application of this electrode to 
telemetry are temperature dependency and sensitivity to acceleration. This 
electrode, as already mentioned, is (like all Polarographie cells) very sensitive to 
temperature (figure 21), and therefore the present complicated sampling system 
with a heating element was necessary to measure and to telemeter respiratory 
PO2 curves. 
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Figure 21 Temperature dependency of the oxygen electrode. 
The electrode response to acceleration was measured only after development 
of this oxygen telemetry system, since connection of the electrode to the 
recording system proved to be very difficult or impossible during acceleration. 
This technique was used to measure current changes of electrodes rotated at 
known rates on a specially designed centrifugal table attached to a drill press. 
Sensitivity to acceleration in different planes was absent at accelerations of 
up to 50 m/sec2, and in the direction parallel to the electrode tip even up to 
100 m/sec2 (figure 22). No damage to the electrode was noted after repeated 
accelerations with rates up to 100 m/sec2 as ascertained by testing the electrode 
performance before and after the acceleration experiments. 
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Figure 22 Sensitivity of the catheter electrode to acceleration The directions of accelera­
tion are r = retrograde from the t ip of the electrode, s = perpendicular to the 
electrode axis, t = forward from the t ip of the electrode 
The drift of the slope of the calibration line of an individual electrode is less 
than 0.5 0 /o over a period of several hours. For the same period of time, the 
zero drift (nitrogen drift) is less than 0.5 mm Hg of PO2. This catheter electrode 
fulfills therefore ail requirements for being useful as an oxygen transducer in 
telemetry during exercise. 
IV - 2 - b MASK 
Construction of an individual mask ensured a dead space small enough to 
prevent significant mixing of the expiratory and inspiratory air. An imprint of 
the subject's face was first taken by applying Staseal, a soft material hardening 
to a rubberlike substance within a few minutes Using plaster, a first contraprmt 
was taken from the original imprint. Wax parts were then added which later 
ensured a smooth and continuous connection between the mask and the 
respiratory tube and also formed the boundaries of the dead space. Next a 
second print of plaster was made, followed by a contraprmt. Acrylic material 
(for light weight and easy adaptation) was then pressed between prints two and 
three (contraprmt), and finally the respiratory tube was glued to the mask. In 
order to minimize mixing of the gas in the respiratory tube two coaxial tubes 
were used. The air was sampled from the smaller tube with a diameter of 10 mm 
m the center of the wider tube The space between the internal and the external 
tube served to keep the resistance small even with large air flows. 
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Sirice the flow in the inner tube should not be turbulent, as pointed out 
previously, the maximum gas velocity compatible with laminar flow was 
calculated to be 3.34 m/sec or 15.7 liters/minute through the internal tube, 
corresponding to a total air flow of about 190 liters/minute. During respiration 
turbulence is present in the mouth, certainly with large air flows during exercise. 
The maximum flow in the respiratory tube should therefore always be 
considerably smaller than the critical maximum flow to ensure laminar flow in 
the respiratory tube. 
Since there is more mixing of the gas in the nose than in the mouth, the 
internal tube was arranged to almost touch the lips of the subject, so that 
mainly the gas originating from the mouth was collected for the recording of 
the oxygen partial pressure. 
The resistance of this 45 gram mask as measured using a respiration pump and 
a pressure meter amounted to less than 1 mm H2O per liter per second for a 
flow rate of 35 liters/minute. With constant flow of 300 liters per minute the 
resistance amounted to less than 3 mm H2O per liter per second. The resistance 
of this mask is sufficiently small not to impede the subject even during heavy 
exercise. As confirmed in various subjects, the mask, which only covers mouth 
and nose, remained cool during exercise and was relatively comfortable to wear. 
IV - 2 - с HEATING ELEMENT 
The air flow from the mask entered a unit (figure 23 and 24) consisting of 
the heating element, the oxygen catheter electrode, the temperature regulating 
circuit, and the amplifier. 
The first attempt to build a miniaturized waterbath was only partially 
successful, but will be discussed here to show the specific problems of building 
parts which should be useful for measurements during exercise. In addition 
this waterbath can still be useful for other applications. 40 cm3 of water was 
enclosed in a plexiglass body and warmed with the aid of a power transistor 
(figure 24). A regulating circuit, similar to that described on page 48, controlled 
the power, so that the temperature of the water remained constant. A small 
propeller was used to circulate the water. This waterbath with relatively small 
power consumption (air has been enclosed in the bottom and the top of the 
plexiglass body to increase insulation), reasonable weight and size worked 
perfectly at rest, but the temperature of the sampled gas was slightly raised 
during movement due to additional mixing of the water. 
From these results it was decided to use a solid heating material. The weight 
(G) of the actual heating block is 
G = I · w · h · ρ ρ = density (5) 
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Figure 23 The heating element used to level off the temperature differences between 
inspired and expired air. 
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Figure 24 Prototype of a miniaturized waterbath. 
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The width (w) and the heigth (h) are determined by the size of the sampling 
tube, electrode size, heating sources etc. The length (I) necessary to heat the 
sampled gas as well as the specific weight are determined by the material used, 
so that 
G ~ I - Ρ (6) 
The heat flow (Q) in the heating block occurs mainly in one direction in the 
configuration used here and is given by the Fourrier equation: 
Q = λ , / b · A ( T , - T 2 ) (7) 
A = area = I · w 
T! = temperature on side 1 
T2 = temperature on side 2 
λ! = thermal conductivity 
The distance (b) is given by the height and width of the heating block, thus 
Q ~ I · λ , (8) 
The heat flow Q is used to heat the sampled gas and is therefore a constant of 
the sampling system 
λι -I = const. I ~ 1/λ, (9) 
By inserting (9) into (6) we find: 
G ~ Ρ/λ, (10) 
Thus the heating block requires a high heat conductivity, low density and 
sufficient hardness. 
Lithium would be the material with the best relationship between heat 
conductivity and density (figure 25). Chemical elements like lithium or sodium, 
however, are relatively soft and chemically very reactive so that a lot of 
additional problems could be expected by applying one of these metals. 
Therefore a block of pure aluminum (which has about the same characteristics as 
Electron (*), but was more available) was used. A three millimeter wide hole 
was drilled over the whole length of 6 cm in the lower part of the heating block. 
This hole was extended by two short tubes to a total length of 10 cm. 
(*) Electron: magnesium = 87 to 96 % ; aluminum = 3 to 10 % ; zinc = 1 to 3 0 /o; 
manganese = 0.2 to 0.5 0/o. 
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MATERIAL 
Density at 20 0 C 
( g / c m 3 ) 
Heat Conductivity 
( kcal / m h 0C ) 
Density / Heat Cond. 
( g h 0 C / c m 2 kcal ) 
Lithium 
Sodium 
Electron 
Aluminum 
Copper 
Silver 
Gold 
Brass 
Steel 
Plexiglass 
0.53 
0.98 
1.80 
2.67 
8.93 
10.5 
19.3 
8.56 
7.85 
1.18 
259 
115 
140 
180 
320 
360 
265 
85 
45 
0.2 
0.20 
0.85 
1.29 
1.44 
2.79 
2.92 
7.29 
10.11 
17.44 
590 
Figure 25 Density and heat conductivity of different materials useful as heating material 
for the heating element. The figures for plexiglass are given for comparison. 
The regulating circuit (figure 26) was itself slightly sensitive to temperature 
(like all solid state circuits) and was therefore built into the heating block to 
avoid possible temperature drifts due to variations of ambient temperature as 
well as to save space. The voltage difference was amplified and controlled the 
current of the end-transistors, thus holding the temperature of the aluminum 
constant. The potentiometer in series wi th the thermistor could be adjusted in 
order to keep the temperature of the aluminum constant at any value between 
30 and 45 0 C . The temperature was adjusted close to body temperature. 
Higher temperature settings required a greater power consumption, but this 
disadvantage was counterbalanced by the resulting faster response of the 
oxygen electrode. 
The temperature variations at the t ip of the electrode were less than 0.05 0 C 
between expiratory and inspiratory air and less than 0.1 °C for changes of 
ambient temperature between 0 and 30 0 C , or changes of supply voltage 
between 6.5 and 11 volts. 
Transient changes of ambient temperature of more than about 10 0 C per 
minute called for a slight temporary overregulation. In other words, the 
temperature at the t ip of the electrode might be higher or lower than the mean 
value by up to 0.5 0 C during a short period of t ime. Such sudden changes of 
temperature, which have to last longer than half a minute to be important, were 
not to be expected as long as indoor and outdoor activities were studied 
separately. 
48 
RI R2 R3 
RV1 VT 1 VT 2 ty-ò& 
NTC R8 
R4 R5 
VT3 VT4 
φ φ 
R9 
-О О 
VT ó 
-О-V. 
Figure 26 Temperature regulation of the heating block with the aid of a thermistor and 
control unit. 
The power consumption of the heating element was kept low by suspending 
the heating block in air wi th in a plexiglass box. The power consumption is 
equal to the power loss through the plexiglass wall and the power used to heat 
the sampled gas which can be calculated to be 
P« = 0.7 · ΔΤ (11) 
ΔΤ = difference in temperature of the sampling gas in 0 C 
Ps = power necessary to heat the sampled gas in mW 
The equations to calculate the heat loss through a wall are known (for example 
Eckert, 1966) and a simplified consideration leads to an equation already used 
by Newton: 
p, = Q = к · A H " , - T 2 ) 
where 1/k = 1 / ^ + b. A , + 1/a2 
bi = thickness of the plexiglass wall = 4 mm 
α ϊ = coefficient of heat transfer of air/plexiglass = 10.8kcal/m 2 
a 2 = coefficient of heat transfer of plexiglass/air = 10.8kcal/m 2 
λι = thermal conductivity for plexiglass = 0.16 kcal/m · h • 0 C 
к = 4.6 kcal/m 2 • h • o c 
(12) 
OC 
oc 
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The inner dimensions of the plexiglass box are 19 by 30 by 68 mm with a total 
area of 78 cm2 giving a heat loss of: 
P, = 0.042(1! - T 2 ) (13) 
Pi in watts; T-! and T2 in degrees centigrade 
The power used to heat the sampled gas is difficult to determine since ΔΤ 
varies between inspiration and expiration but is only a small fraction of the 
power loss through the walls (less than 1 % ) of the plexiglass box. The power 
dissipation Ρ calculated for the heating element is identical with the measured 
value: 
Ρ = Pi +Ps * Pi (14) 
Since the temperature Tl of the heating block has been fixed to 37 0 C, 
equation (13) may be written in a form which at known ambient temperature 
T2 permits a simple estimation of the necessary total power and for an 
experiment of given duration, of the total power consumption. 
Ρ = 1.54-0.042 Τ, Ρ in watts 
T2 in degrees centigrade 
(15) 
A 10 volt rechargeable Deac battery with a capacity of 450 or 225 mAh was 
therefore used to supply the heating block. At an ambient temperature of 20 0 C 
battery life of the 450 mAh is about 6 hours. For the oxygen pressure 
monitor a second power source of much lower capacity was necessary. The 
relationship between these parameters is illustrated in figure 27. 
Temperature heating element (aC) 
4 0 
35 
3 0 
25 
20 
15 
I 
Q2 04 0.6 08 1.0 l'2 1.4 16 1.Θ І20 
¡ Power (W) 
! 
37 35 30 25 20 15 10 0 - 5 - 1 0 
Ambient temperature (eC ) 
Figure 27 Relationship between ambient temperature, temperature of the heating block, 
and power consumption. 
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The electrode tip was inserted into the air tube towards the distal end of the 
block. This was done to ensure that the air reaching the electrode had been 
properly warmed by traveling nearly the entire length of the heating block. The 
effective length of the heating zone was increased by the aluminum inlet and 
outlet tubes. 
IV - 2 - d PUMP 
The air pump in the system was an electrical fan weighing 65 gram 
(figure 28) and pulling at a constant velocity of about 90 cm/sec. 
Figure 28 Electrical fan serving as a pump for sucking respiratory air. 
The motor in the plexiglass housing drove a small propeller which sucked 
air from the mask and delivered it into a tube 20 cm long and 1.2 cm thick. 
This outlet tube smoothed atmospheric pressure variations and thus made 
the pump independent of external drafts. The pressure difference produced by 
the pump was, independent of its spatial orientation equal to 16 kg/m • sec2. 
It did depend, however, on its supply voltage which, therefore, had to be 
stabilized to 4.5 volts. The power amounted to 45 mW. 
IV - 2 - e AMPLIFIER 
Signals from the electrode were fed to an integrated circuit DC amplifier 
which was also built into the heating block as part of the oxygen monitor 
(figure 29). This arrangement served again to keep the amplifier at constant 
temperature in order to reduce zero drifts, and in addition it allowed utilization 
of the power dissipation of the integrated circuit as a heat source. The voltage 
to polarize the electrode was obtained directly from the supply voltage of the 
integrated circuit without further stabilization. Variations proved to be only 
a fraction of a millivolt. 
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Figure 29 Electronic circuit of the oxygen pressure monitor 
IV - 2 - f MULTIPLEXING U N I T - M O D U L A T O R - T R A N S M I T T E R 
The multichannel system has been designed and constructed according 
to the block schematic of the multiplexer as illustrated m figure 8 (chapter 111-3) 
A detailed electronic circuit of the transmitting and receiving units is shown in 
appendix 1 First studies were made wi th a single channel system and a 1 mW 
transmitter emitt ing at 37 MHz Later the transmitter was replaced by a 
commercial unit wi th a crystal-controlled carrier of 153 MHz and a power of 
50 mW 
The different parts of the telemetrie transmitter (preamplifiers - multiplexer -
submodulator - transmitter) were built w i th miniaturized electronic elements 
rather than from integrated circuits, because the power consumption of the 
latter would necessitate a battery weight several times larger. The submodulator 
and multiplexing unit, for example, weighing less than 5 g, included 114 
elements and consumed only 1 6 mA An integrated circuit was used, however, 
for the PO2 preamplifier since the power dissipation was useful for warming the 
heating element 
System performance tests were carried out by applying AC and DC signals 
f rom a signal generator to the multiplexing and transmitting unit The output 
of the receiving and demodulating unit was compared wi th the input signals, 
w i th the fol lowing results the frequency response was flat f rom DC to 50 Hz; 
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the 3 dB point was at 100 Hz. With appropriate fixation of the transmitter and 
the antenna to the body, the signal to noise ratio, normally greater than 100, 
may be as low as 30 during heavy exercise (transmitting distance = 30 % of the 
maximum range). Even then the noise still corresponds to only about 2 mm Hg 
PO2 for the range of 100 to 160 mm Hg of oxygen pressure. The zero drift, 
less than 1 0/o of maximum deflection during the first 80 % of battery life, 
can be eliminated by using one channel as DC reference. PO2 curves have been 
successfully telemetered over a distance of up to 200 meters with the old 1 mW 
transmitter. The transmitting range of the new system with the 50 mW 
transmitter is about 1 km. 
IV - 2 - g IMPORTANCE OF THE PUMP 
The design of the different parts of the sampling system is much dependent 
on the characteristics of the pump, especially on the pressure difference Δρ 
developed by the pump. Therefore construction of the pump had to be finished 
before starting development of other elements. A pump, designed for reasonable 
power consumption and a Δρ of 16 kg/m • sec2, determined the design 
characteristics of the other parts. 
A modified pump (figure 30) was able to produce a Δρ of 50 kg/m • sec2 
(without increased size or power consumption). This is enough to allow a 
smaller sampling tube and thus to reduce the total sampling amount. An 
extension of the applications of this telemetry system might call for such an 
improvement in the future. 
Figure 30 Prototype of an improved pump for oxygen telemetry. 
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IV - 3 SAMPLING TO VERIFY ENDTIDAL OXYGEN PRESSURE VALUES 
The complexity of the sampling system described is such that additional 
mixing of the respiratory gas beyond that already occurring between the lungs 
and the mouth is quite probable. It has been shown (Beneken Kolmer and 
Kreuzer, 1968) that endtidal values of PO2 f rom curves obtained by sampled 
gas from the mouth are virtually the same as values determined from air samples 
analyzed in the Scholander apparatus. It seems therefore appropriate to do the 
same comparison with the present sampling system. The endtidal air collected 
during each expiration may only be a fraction of the amount sampled by the 
system. During a period of 20 to 30 expirations with constant endtidal PO2 
values on the recorded curve, samples of about 1 c m 3 during each expiration 
were collected in a single glass syringe and analyzed (figure 31). 
ELECTRODE ( mm Hg ) SCHOLANDER ( mm Hg ) Δ РОг ( mm Hg ) 
107.6 109.9 + 2.3 
109.8 109.4 - 0.4 
106.1 107.1 + 1.0 
104.2 105.8 + 1.6 
Mean 
106.9 108.0 + 1.1 
Figure 31 Comparison of endtidal PO2 values, obtained from air samples analyzed in the 
Scholander apparatus, wi th the values obtained from the oxygen electrode. 
Note that the mean value obtained f rom the Scholander analysis is higher, 
which can be expected from incorrect sampling, or mixing of the gas in the 
measuring system. 
Since the gas wherein the PO2 was measured was not dried, the Scholander 
values of fractional concentration were converted into partial pressure values 
of oxygen w i t h a correction for the partial pressure of water vapor. The 
difference of about 2 % of the oxygen partial pressure values, due to 
incorrect sampling, inaccuracy of the PO2 curve or mixing of the gas, is 
small enough. It should be noted that the mean value obtained f rom the 
Scholander analysis was higher, which can be expected from incorrect sampling 
(i. e. too early or too late sampling) or mixing of the gas in the measuring 
system. Since a good correlation between direct measurement and sampling 
was achieved repeatedly, it is not very l ikly that measuring mistakes of both 
systems would cancel each other. 
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IV - 4 O X Y G E N CONSUMPTION 
Apart f r o m the intrinsic value of knowing the course of the respiratory 
oxygen pressure during exercise, the telemetrie determination of the oxygen 
consumption during various kinds of activity would be particularly useful. 
Since the method commonly used to measure oxygen consumption (VO2 ) is 
based on the collection of expired gas, another method has to be found for the 
telemetry of the oxygen consumption. The integrated product of the air f low 
and the partial pressure of oxygen at each moment wi l l give a measure of the 
oxygen consumption, which might be computed f r o m the fol lowing formula: 
1 t n VSTPD • P 0 2 
V 0 2 = ƒ — L dt (16) 
t n - t m t m PB-PH 2 0(E) 
VO2 = oxygen consumtion in ml Oj/sec 
VSTPD = ventilatory flow in ml/sec at 0 0 C and 760 mm Hg without water 
vapor 
PO2 = partial pressure of oxygen m mm Hg 
PB = barometric pressure in mm Hg 
PH2 0(E) = partial pressure of water vapor in mm Hg at the site of the oxygen 
electrode 
t = time in sec 
tm. tn = times at the beginning of inspirations m and η 
The conversion from STPD to ambient temperature, pressure and water vapor is 
given by. 
T0 P B - P H 2 0 ( F ) 
VSTPD = V — — (17) 
To + Tp PO 
V = ventilatory flow in ml/sec at ambient temperature, pressure, and 
water vapor 
T0 = 273 OK 
Tp = temperature of the flowmeter in 0 C 
PH20(F) = partial pressure of water vapor in mm Hg at the site of the flow­
meter 
Po = 760 mm Hg 
By inserting equation (17) in equation (16) one finds: 
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! tn . PB-PH20(F) T n 
V0 2 = ƒ V -POj — d t (ie) 
P o ( t n - t m ) t PB-PH 2 0(E) T0 + T F "*> 
The water vapor pressure at the site of the electrode and at the site of the 
flowmeter will be identical if the temperature of the expired gas remains 
unchanged at body temperature until reaching the electrode. Equation (18) may 
therefore be simplified to: 
1 4 To 
V0 2 = ƒ V P 0 2 dt (19) 
Po (tn - t m ) t To + Tp 
lm 
From equation (19) it is seen that for the computation of the oxygen 
consumption a continuous recording of the air flow during inspiration and 
expiration is needed together with a continuous recording of the P02· A 
flowmeter has been reported by Shiraishi et al. (1967) which is light and 
suitable for telemetry. 
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V E X P E R I M E N T A L STUDIES O F RESPIRATORY 
O X Y G E N PRESSURE 
It was the main purpose of this study to find a manner of telemetering correct 
continuous PO2 curves during exercise. 
• 
V - 7 TELEMETRY AT REST 
Since PO2 curves at rest are well known, telemetry of such curves is shown 
first to be compared with records obtained directly without telemetry (e. g. 
Beneken Kolmer and Kreuzer, 1968), and as an illustration of the type of curve 
used for the comparison with the endtidal PO2 values determined from air 
samples analyzed in the Scholander apparatus (described in chapter IV - 3). 
During inspiration an oxygen concentration of 21 % is measured, correspon­
ding to a PO2 of 150 to 160 mm Hg, depending on atmospheric pressure, 
temperature, and water vapor content. At the beginning of each expiration the 
PO2 drops rapidly and later slowly to the endtidal value of about 100 mm Hg 
(figure 32). 
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Figure 32 Typical respiratory oxygen pressure curve telemetered at rest simultaneously wi th 
the electrocardiogram. There is some time lag between the PO2 curve and the ECG 
since there is a delay for the PO2 due to the time necessary for the gas to travel 
f rom the lungs to the mouth and from there to the electrode. The time axis of the 
PO2 curve has been shifted to the right in order to correct for this delay. 
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Figure 33 PO2 measured during exercise by radio telemetry. During this determination of a 
60 m sprint and in the other four determinations (figure 34 through 37) the 
conditions were: PB = 732.2 mm Hg, relative humidity = 87 0 / o corresponding to 
a PH2O of 14.3 mm Hg, dry bulb = 19 0 C . A l l curves were recorded by the PO2 
telemetry system for which the development is detailed in chapter IV. 
In this record of a sprint (mean telemetry distance: 80 ml the first arrow 
represents the time of the starting gun, the second reaching of the finish line. 
The breath was held during the run fol lowed by a short and deep expiration. 
Figure 34 In the long jump record (telemetry distance: 40 m) the arrows mark: 1 s t start of 
running, 2nd jumping, 3 r d standing up. Breath holding is noted as above, 
fol lowed at first by a deep and long-lasting expiration and short inspiration. 
Compared wi th the sprint, the endtidal PO2 values were higher throughout. 
Figure 35 The badminton game lasted for 5 minutes (telemetry distance: 30 m, in a 
building); while the record was made the ball was hit twice. The respiratory 
frequency was relatively high (about 30 per minute) but the endtidal level was 
only slightly higher than that of the curve measured at rest. 
Figure 36 The cycling was done at high speed (heavy exercise, maximum telemetry distance: 
400 m). The irregular breathing illustrated here was not detected during slow 
cycling (light to moderate exercise). 
Figure 37 Recovery from the heavy exercise (illustrated in figure 36) recorded wi th the 
subject standing. The respiratory frequency of about 15 per minute is slightly 
higher than in this subject at rest, but the endtidal PO2 is conspicuously high. 
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Simultaneous telemetrie recording of the ECG demonstrates that the 
expiratory oscillations are synchronous with cardiac rhythm (Fowler and Read, 
1961; Beneken Kolmer and Kreuzer, 1968). There is some time lag between the 
PO2 curve and the ECG since there is a delay for the PO2 due to the time 
necessary for the gas to travel from the lungs to the mouth and from there to the 
electrode. Irregularities in the ECG may indicate this delay in the PO2 curve as 
seen during the first expiration at the top of figure 32. 
V - 2 TELEMETRY DURING EXERCISE 
All curves measured during exercise serve as an illustration of the PO2 
telemetry system. Note that the subjects were not trained for this sort of 
exercise, but were accustomed to the mask. The curves during exercise are less 
regular due to fast and often irregular breathing in this condition (figures 33 
through 37). 
With high respiratory rates of 40 and more per minute during exercise the 
response time of the electrode may become critical. This would only apply to 
inspiration since the expiratory phase becomes longer compared with the 
inspiratory phase at elevated frequencies. This is fortunate since the physiologist 
is mainly interested in the expiratory part of the curve. 
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V I O X Y G E N PRESSURE T E L E M E T R Y 
IN A M U L T I P L E X SYSTEM 
Development of the PO2 telemetry system was planned to be compatible 
with measurements of other parameters; i. е., the PO2 system was to be 
combined in a multiplex system. The other measurements included, for example, 
air flow, ECG, and body temperature. PO2 telemetry had to be designed not to 
interfere with other recordings in multichannel telemetry. The question is how 
various desired parameters can be incorporated in a multiplex system most 
effectively. 
VI - 1 SELECTION OF THE FREQUENCY 
The frequency range of the multiplex system was selected (VHF range = 
30 to 300 MHz) in order to make possible measurements of most physiological 
parameters simultaneously with PO2. Measurements of any combination of the 
parameters listed in figure 3 (with the exception of EMG and EEG) are possible 
simultaneously with oxygen pressure without interference. 
VI - 2 CONTRIBUTION OF THE MASK 
Construction of an individual mask for each subject ensured a good fit so that 
there was no leak between the mask and the face of the subject. This is especially 
important for the measurement of air flow, where all the air has to pass the 
respiratory tube to ensure correct readings. Therefore this mask may be used 
unchanged for air flow measurements. 
VI - 3 ADVANTAGE OF THE CONSTANT TEMPERATURE BLOCK 
Due to the temperature dependency of Polarographie electrodes (as used for 
this study) the respiratory gas had to be warmed to a constant temperature 
in a heating block (chapter IV). There was a secondary advantage of this block 
to the multiplex system, if thermocouples not thermistors are used for body 
temperature measurements. Thermistors (with nonlinear temperature character-
61 
¡sties) to measure body temperature have been used almost exclusively for 
telemetrie studies in man and complicated linearizing networks were often 
necessary. The presence of the constant temperature block, however, permits 
the use of thermocouples which make measurement and telemetry of body 
temperature very simple. 
VI - 4 COMBINING CO2 AND O2 MEASUREMENT 
Construction of fast catheter PCO2 electrodes has been realized recently 
(unpublished work by L. H. J. van Kempen). The oxygen pressure telemetry 
system was designed so that, by replacing the PO2 electrode by a PCO2 electrode, 
CO2 can be telemetered without any alteration of the system. This is because the 
sampling system (chapter IV) is compatible for both PO2 and CO2. Furthermore 
the multiplexing system (including the heating block) is designed to accept 
simultaneously the O2 and CO2 electrodes. 
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V I I CONCLUSIONS 
This new method of telemetering respiratory oxygen pressure can be used 
in environmental physiology as well as in exercise physiology. It provides correct 
PO2 curves and, together with other methods developed previously, it may 
provide important information concerning the processes occurring during 
exercise, particularly with respect to gas exchange and respiratory regulation. 
The respiratory oxygen pressure unit was designed to be compatible with the 
synchronous engineering of the multiplex system so that this system could 
simultaneously transmit oxygen pressure, CO2, respiratory air flow, and force 
or pressure. 
This apparatus, as described above, is rather light (600 g, including batteries). 
Together with the light-weight mask (which offers virtually no resistance to the 
subject's breathing), this oxygen pressure telemetry system is a valuable tool to 
be used in many fields of physiology. 
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S U M M A R Y 
"Telecentury" ¡s suggested as a name characterizing the 20th century. 
In chapter I the different forms of telemetry are discussed including rather 
unconventional forms like smell telemetry. A sharp division between telemetry 
wi th and wi thout wires is made, and at the same time it is shown that radio-
telemetry is not the only useful form of wireless telemetry, but for certain 
applications other kinds may be promising. 
The basis for wireless telemetry in man is presented in chapter I I . A short 
survey of the parameters to be telemetered (and the appropriate transducers) is 
fol lowed by a selection of the suitable system of telemetry. A division is made 
mainly between events producing AC and DC signals, and events producing AC 
signals exclusively. 
From the considerations in chapters I and II I a pulse duration modulated 
subcarrier (which frequency modulates a carrier in the very high frequency range 
(VHF)) seems to be the most adequate multiplex system for telemetry of PO2 
curves simultaneously wi th other parameters like air f low, temperature and ECG. 
A system for the telemetry of respiratory oxygen pressure in man at rest and 
during exercise is described in chapter IV. A fraction of the respiratory gas is 
continuously pulled f rom a small mask in f ront of mouth and nose through a 
tube by a miniature pump and is warmed up to a constant temperature (e. g. 
37 0C) in a heating element where the oxygen pressure is continuously measured 
with a membrane-covered Polarographie oxygen electrode. The characteristics of 
the electrode (which has been especially modified for oxygen pressure telemetry) 
are presented. The current of the electrode is amplif ied, pulse duration 
modulated, and finally transmitted. The mask is individually f i t ted to minimize 
the dead space, and constructed for minimal turbulence and resistance. The 
pump consists of an electrical fan and pulls at a constant velocity of about 
90 cm/sec. The heating unit consists of the heating block, the oxygen sensor, 
the temperature regulating circuit, and other electronic circuitry. The temper-
ature variations at the t ip of the electrode are less than 0.1 °C for changes of 
ambient temperature between 0 and 30 0 C and are less than 0.05 0 C between 
inspiratory and expiratory air. The response t ime of the oxygen electrode is 
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0.1 sec for 95 0 /o deflection at 37 0C with a three micron Teflon membrane. 
The endtidal values of partial pressure of oxygen obtained from telemetered 
curves agree with the values determined from air samples analyzed in the 
Scholander apparatus within about ± 1 0 /o . Oxygen pressure telemetry has 
been possible so far up to a distance of 1 km. A procedure is suggested to 
calculate oxygen consumption from the telemetered oxygen pressure curves and 
ventilatory flow curves. 
Recordings of oxygen pressure curves are shown in chapter V, both at rest 
and during exercise. The necessity of matching PO2 telemetry with multiplex 
techniques is demonstrated in chapter VI. 
This telemetry system provides correct oxygen pressure curves and can be 
used in environmental physiology as well as in exercise physiology. 
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SAMENVATTING 
Het woord "telecentury" typeert een van de meest belangrijke ontwikkelingen 
van de 20ste eeuw. 
In Hoofdstuk I worden de verschillende vormen van telemetrie besproken, 
inclusief een nogal ongebruikelijke vorm, namelijk de reuk-telemetrie. Er wordt 
een strenge scheiding gemaakt tussen telemetrie met of zonder draden en 
tegelijkertijd wordt aangetoond dat radio-telemetrie niet de enige bruikbare vorm 
van draadloze telemetrie is. Voor speciale toepassingen zouden andere vormen 
van draadloze telemetrie dan radio-telemetrie zich ongetwijfeld beter lenen. 
De grondbeginselen van de draadloze telemetrie voor toepassing bij de mens 
worden besproken in Hoofdstuk II. 
Na een kort overzicht van de fysiologische parameters die telemetrisch 
bepaald kunnen worden (en de bijbehorende transducers) wordt door selectie het 
meest geschikte telemetrie-systeem gekozen. Er wordt in hoofdzaak onderscheid 
gemaakt tussen verschijnselen die, of gelijk- en wisselspanningssignalen, of alleen 
wisselspanningssignalen produceren. 
In de Hoofdstukken I en III wordt gemotiveerd waarom de simultane 
telemetrische overdracht van bijvoorbeeld PO2, luchtstroom, temperatuur en 
ECG door een tijd multiplex systeem, met een draaggolf in het "very high 
frequency (VHF)" gebied, de voorkeur verdient. 
Met behulp van een miniatuur pompje wordt uit een masker van acrylaat 
(dat nauwkeurig op mond en neus sluit) continu een kleine hoeveelheid ademgas 
afgezogen. Het gas passeert daarbij een verwarmingselement, waardoor het tot 
een instelbare constante temperatuur (bijvoorbeeld 37 0C) kan worden 
verwarmd. 
De PO2 wordt gemeten met een polarografische zuurstof-elektrode, die in de 
gasstroom is aangebracht. 
De eigenschappen van de voor dit doel gemodificeerde elektrode worden be-
schreven, evenals de wijze van versterking, puls-breedte-modulatie en uitzending. 
Om de dode ruimte zo klein mogelijk te houden wordt voor ieder proefper-
soon een passend masker gemaakt. De constructie van dit masker is boven-
dien van dien aard dat turbulentie en weerstand minimaal zijn. Het pompje is 
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een zeer kleine ventilator, die met een constante snelheid van 90 cm/sec afzuigt. 
Het verwarmingselement bestaat uit een verwarmingsblok met een tempera-
tuur regelcircuit. Bovendien is hierin' de P02-elektrode met bijbehorende 
DC-versterker opgenomen. 
Bij schommelingen in de omgevingstemperatuur tussen 0 en 30 0C is de 
temperatuurvariatie aan de elektrodetip kleiner dan 0,1 0C,· de temperatuur-
variatie tussen in- en expiratielucht is kleiner dan 0,05 0C. 
De aanwijstijd van de P02-elektrode met een 3 yu Teflon membraan is 0,1 
secunde voor 95 0 /o uitslag bij 37 0C. 
De telemetrisch bepaalde eindexpiratoire P02-waarden stemmen met een 
nauwkeurigheid van ± 1 0 /o overeen met de waarden die gevonden werden met 
de analysemethode volgens Scholander. 
Telemetrie van de zuurstofdruk blijkt met de hier beschreven apparatuur 
mogelijk tot op en afstand van 1 km. 
Er wordt een methode voorgesteld om de zuurstof-consumptie te berekenen 
uit de telemetrisch bepaalde P02-waarden en de respiratoire flow-curven. 
Registraties van zuurstofdruk-curven in rust en gedurende inspanning worden 
getoond in Hoofdstuk V. 
Hoofdstuk VI toont de noodzakelijkheid aan van aanpassing van de PO2-
telemetrie aan de multiplex technieken. 
Deze telemetrische methode van P02-meting verschaft betrouwbare zuurstof-
druk-curven. Zij kan worden toegepast op het gebied van de omgevingsfysiologie, 
alsook in de inspanningsfysiologie. 
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UNITS AND SYMBOLS 
A 
a 
αϊ 
a2 
[m2] 
[m/sec2] 
[J/m2 · sec · oc] [kcal/m2 • h · oc] 
[J/m2 · sec • oc] [kcal/m2 · h • oc] 
[m] 
area 
acceleration 
coefficient of heat transfer of 
air-plexiglass 
coefficient of heat transfer of 
plexiglass-air 
distance b 
bi 
η 
f 
fch 
G 
h 
le 
ks 
1 
λ 
λ, 
m 
n 
Ρ 
Pi 
[ ] 
[m] 
[Ν -sec/m2] 
[Hz] 
[Hz] 
[Ν] 
[m] 
[A] 
[m] 
[m] 
[J/m · sec · oc] 
[W] 
[W] 
thickness of the plexiglass-wall 
of the heating element 
[kg/m · sec] viscosity 
frequency 
band-width per channel 
[kg*] weight 
height of the heating block 
electrode current 
sampling "speed" 
length of the sampling tube or 
of the heating block 
[Â] wave length 
thermal conductivity 
number of channels 
number of pulses per group 
power consumption of the 
heating element 
power consumption of the 
heating block 
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[W] power used to heat the sam­
pled gas 
Ρ 
Δρ 
Po 
PB 
PC02 
ΡΗ2θ(Ε> 
PH20(F) 
ΡΝ2 
ΡΟ2 
Q 
Q 
Re 
Récrit 
г 
го 
Ρ 
Τ 
ΔΤ 
Το 
τ, 
τ2 
τρ 
t 
t 0 . t l . t 2 
tm 
[N/m2] 
[N/m2] 
[N/m2] 
[N/m2] 
[N/m2] 
[N/m2] 
[N/m2] 
[N/m2] 
[N/m2] 
[W] 
[m/sec] 
[m] 
[kg/m3] 
PC] 
[ОС] 
PC] 
PC] 
[ОС] 
[ОС] 
[sec] 
[sec] 
[sec] 
[mm 
[mm 
[mm 
[mm 
[mm 
[mm 
[mm 
[mm 
[mm 
[kca 
Hg] 
Hg] 
Hg] 
Hg] 
Hg] 
Hg] 
Hg] 
Hg] 
Hg] 
/h] 
pressure 
driving pressure of the pump 
constant = 760 mm Hg 
barometric pressure 
partial pressure of 
carbon dioxide 
partial pressure of water vapor 
at the site of the electrode 
partial pressure of water vapor 
at the site of the flowmeter 
partial pressure of nitrogen 
partial pressure of oxygen 
heat flow 
flow rate 
Reynolds' number 
critical Reynolds' number for 
laminar flow 
axis (r) 
radius (of the sampling tube) 
density 
temperature 
difference in temperature of 
the sampling gas 
constant = 273 OK 
temperature of the heating 
block, temperature on side 1 
temperature on side 2 
temperature at the site of the 
flowmeter 
time 
times 
time at the beginning of inspi-
ration m 
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tn 
ν 
ν 
V 
V02 
VSTPD 
W 
χ 
χ 0 . . . Хз 
[sec] 
[m/sec] 
[m/sec] 
[m3/sec] 
[m3/sec] 
[m3/sec] 
[m] 
[m] 
[ml/sec] 
[ml/sec] 
[ml/sec] 
time at the beginning of inspi­
ration η 
wave velocity 
mean gas velocity 
ventilatory flow (ambient con­
ditions) 
oxygen consumption 
air flow (air at standard tem­
perature and pressure, dry) 
width of the heating block 
axis (x) 
distances 
Ρ 
η 
/" 
m 
к 
M 
G 
Τ 
pico 
nano 
micro 
milli 
kilo 
mega 
giga 
terra 
10 " 
ю-» 
Ю
- 6 
IO"3 
IO3 
IO6 
IO9 
IO12 
12 
example: 
^ А = microamperes = Ю - 6 А 
example: 
THz = terrahertz = IO1 2 Hz 
E C G 
E E G 
E M G 
electrocardiography 
electroencephalography 
electromyography 
P V C polyvinyl chloride 
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VLF 
LF 
MF 
HF 
VHF 
UHF 
SHF 
EHF 
very low frequency 
low frequency 
medium frequency 
high frequency 
very high frequency 
ultra high frequency 
super high frequency 
extremely high frequency 
3... 
30... 
300... 
3... 
30... 
300... 
3... 
30... 
30 
, 300 
3000 
30 
300 
3000 
30 
300 
kHz 
kHz 
kHz 
MHz 
MHz 
MHz 
GHz 
GHz 
AM amplitude modulation 
FM frequency modulation 
PM pulse modulation 
PAM pulse amplitude modulation 
PDM pulse duration modulation 
PCM pulse code modulation 
PPM pulse position modulation 
DC 
AC 
direct current 
alternating current 
direct current does not change 
or changes only very slowly, 
e. g. 1 0 /o per minute 
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APPENDIX 
Seven-channel radiotelemetry system. The 7th channel is generally used as a DC-
reference. 
Electronic circuit of the telemetrie transmitter (multiplexing · unit, modulator, 
transmitter): see page 77 
Electronic circuit of the receiver: see pages 78 and 79. The electronic circuits of 
the individual blocks (circuit on page 78) are detailed on page 79. 
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Electronic circuit of the telemetry receiver. 
78 
9 9 9 9 
f' DD f« 
Dl 
D3 
- w -
05 
to* 
o 
o 
¡Χ 
A Ä 'li i l 
DISCRIMINATOR 
In 
Co 
N 
Η 
e 7 : r 
ce I 
η 
II 
C ? = : 
CIO 
| l 
c u i 
CI2 L 
11 
II 1 
Ci3- = 
CU I 
И II 
0 U I 
ι 
¡ 
Ц ! 
У\ J I 
Ц ι 
* ! J ! 
Ч ι 
w 
J ¡ 
Ц ! 
\ 
J I 
_ j 
79 

S T E L L I N G E N 

I 
Telemetrie van de partiële zuurstofspanning in het 
ademhalingsgas kan de fysioloog belangrijke nieuwe 
informatie verschaffen over de respiratoire regulatie 
gedurende inspanning. 
II 
Bij continue sampling van ademhalingsgas voor meting 
van respiratoire parameters dient de flow in de afzuig-
buis bij voorkeur laminair te zijn. 
Il l 
Voor het continue meten van de partiële zuurstofspan-
ning in het ademhalingsgas tijdens inspanning, zijn 
polarografische elektroden bij uitstek geschikt. 
IV 
De voorschriften van overheidsinstanties ten aanzien van 
apparatuur voor draadloze overdracht van biologische 
parameters hebben de ontwikkeling van radiotelemetrie 
op medisch gebied aanzienlijk vertraagd. 
V 
De mogelijkheid van toepassing van membranen die 
dunner zijn dan 3 micron of van materialen die beter 
geschikt zijn dan teflon bij polarografische zuurstof-
elektroden lijkt in de nabije toekomst onwaarschijnlijk. 
Een verkorting van de aanwijstijd voor meting in de 
gasfase moet dan ook gezocht worden in het gebruik 
van heterogene membranen. 
VI 
Tijdens zware inspanning geregistreerde ECG-curven bij 
de mens blijken door toename van myogene artefacten 
vaak onbruikbaar. 
V I I 
De ontwikkeling van computers voor de analysering van 
biologische signalen moet ondanks de hieraan verbonden 
moeilijkheden worden gestimuleerd. 

V i l i 
Ruimtevaart ¡s voor een belangrijk deel mogelijk dank 
zij de enorme vooruitgang van de elektronica in de 
laatste jaren. Deze ontwikkeling is door de ruimtevaart 
zélf in belangrijke mate gestimuleerd. 
IX 
In tegenstelling tot hetgeen velen vrezen zal de algemene 
invoering van geïntegreerde schakelingen leiden tot ver-
groting van de werkgelegenheid in de elektronische 
industrie. 
X 
Medisch-elektronische apparatuur is vaak onnodig groot, 
hetgeen een efficiënt gebruik in de operatiekamer 
bemoeili jkt. 
XI 
De bouw van een stuwdam in de Straat van Gibraltar 
zou om meer dan één reden van groot belang zijn voor de 
snelle ontwikkeling van Afr ika. 
H. P. Kimmich 21 november 1969 



